Dependences of total pressure on the composition of water + poly(ethylene glycol) systems were measured with both the ebulliometric and static method. New data on vapour-liquid equilibria cover the temperature range 303.15-363.15 K and the range of the weight fraction of solvent 0.5-1.0 for polymers of nominal molecular weight 1000, 3000, and 6000 g mol
Introduction
Poly(ethylene glycols) (PEGs) are synthetic, hydrophilic, and biocompatible polymers with a wide biomedical (tissue engineering) and industrial application due to high solubility in water. They are commonly used in pharmaceutical industry as excipients, as surface-active agents in water treatment, as fibre-forming aids in textile industry, and in the manufacture of lubricants and mould release agents. Additionally, in many industrial applications, the data for aqueous PEG systems require inclusion of inorganic salts.
Literature abounds with data on phase equilibria in water + PEG systems for polymers with molecular weights ranging from 190 to 4 000 000 g mol À1 . In 1992, Hao et al. [1] published data on 26 such datasets correlated with the original UNIQUAC model. Twenty years later, Wohlfarth [2] published a comprehensive and partially overlapping summary of 119 datasets (reported by 25 papers) which cover the temperature range between 293 and 367 K, but most of the data are related to room temperature. No new data have been published since. The existing data about water + PEG systems are quite inconsistent and data for some polymers for higher isotherms are still lacking. Therefore, one of the objectives of this paper is to address the thermodynamic properties and phase behaviour of PEG aqueous solutions not described so far, especially those at higher isotherms. We have already published vapour-liquid equilibrium (VLE) data [3, 4] for polymers with nominal molecular weights of 1000, 3000, and 6000 g mol À1 (denoted hereafter as PEG1k, PEG3k, and PEG6k, respectively). VLE measurements were carried out using both the static and ebulliometric method. This paper summarises new experimental data, which complement previous research and provide an appropriate source for consistent thermodynamic processing. Moreover, it includes the available literature data on PEGs of different molar weight measured at several temperatures, making possible reasonable evaluation of all of them. Note that this study deals with experimental data only.
The second objective of this paper is to quantify all data. For this purpose, they are processed using the UNIQUAC-FV (free volume) model [5] to be consistent with previous papers. Subsequently, the dependence of the model parameters on molecular weight provides a reliable tool for calculating phase equilibrium properties of water + PEG systems over larger temperature and/or polymer molar weight spans and even for extrapolation.
Experimental

Chemicals
For measurements we used the same chemicals as in our previous papers [3, 4] , and their specifications are given in Table 1 HÀ(O-CH 2 -CH 2 ) n -OH, i.e. polymer chain terminated with a hydroxyl group at both ends. The number average molecular weight M n and the weight average molecular weight M w were determined using the light scattering method (Wyatt Technology) with average error ±1.51% and ±1.05%, respectively. Standard uncertainties were estimated as u(M) = 40.
Polymers did not exhibit hygroscopic behaviour, as their weight did not increase on exposure to open air with an average humidity of 50% over several days. Even so, they were kept in a desiccator filled with molecular sieve 3A to be on the safe side.
According to the manufacturer's declaration, the water content of all three polymers was <0.01. Weight fraction of water was determined by Karl Fischer titration with the following result: 0.0069, 0.0075, and 0.0020 for PEG1k, PEG3k, and PEG6k, respectively. This could slightly influence standard uncertainty of overall composition determination unless the content of water in polymer is taken into account, as discussed in the following paragraph.
Determination of state properties
System temperature was measured with a precision thermometer F-250 (ARK) with declared sensitivity of ±0.001 K. This thermometer was calibrated against a Pt-resistance thermometer with the National Bureau of Standards certificate, which is regularly checked by the triple point of water. Therefore, the Pt-resistance thermometer measures temperature with absolute accuracy of ±0.001 K on the ITS-90 scale. Standard uncertainty was estimated as u(T) = 0.01 K.
The experiment did not involve direct pressure measurement, since pressure can be determined indirectly from saturated vapour pressure of water based on accurate temperature measurements described above. Pressure is then evaluated from the 11-parameter equation for water described elsewhere [6] with an accuracy ±0.001 K and 0.0001-0.001 kPa. We have used/published this approach many times over the last fifty years.
For ebulliometric measurement, the water boiling point was determined in a reference ebulliometer, while for static measurement the pressure gauge Baratron was analogously calibrated beforehand. Standard uncertainty was estimated to u(P) = 0.005 kPa.
Determination of sample composition is described below for both methods. Since samples are prepared by weighing individual components, standard uncertainty is better than u(w) = 0.0002 (weight fraction) if the correction on small water content in polymer is considered and included.
Determining the degree of equilibration or thermal gradients was not applicable to the experiments, because values were read only when temperature did not change for at least one hour.
Static method
The set-up for total pressure determination was first described in [3] and modified later in [4] to higher temperatures and to prevent solvent condensation in the pressure cell. The apparatus is schematically shown in Fig. 1 . It consists of a thermostat (2) with a precision thermometer F250 (ARK), a 100 mL equilibrium glass vessel (1) containing the system to be measured, and a heated manifold for charging, degassing, and pressure measurement. A magnetic stirrer of the cell is driven by a very strong magnet (3). The measuring port of the differential sensor (B diff ) is connected to the equilibrium cell. The differential sensor can be heated up to 430 K, which is the main feature of this set-up. The reference parts (P ref ) of both B diff and the absolute sensor (B abs ) are connected by tubing filled with air, whose pressure can be adjusted by a precision pressure controller (PPC 159) (Texas Instruments). The controller has four independent openings connected to B diff , to the system, to higher pressure than atmospheric, to atmospheric pressure, and to vacuum, and it operates automatically according to the real state of the experiment. Air -as a permanent gas -does not condense in the pressure system. B diff measures the difference between the reference and equilibrium pressure.
The mixtures for measurements were prepared by weighing components into the cell vessel to obtain a volume of about 50 mL. This mixture was first degassed in an ultrasonic bath at room temperature. The equilibrium cell was then connected to the apparatus and the gas phase pumped out repeatedly into the auxiliary volume (V) at room temperature to remove any residual air. When the required experimental temperature was attained, the procedure was repeated with intensive stirring of the mixture, and the valve connecting the differential sensor to the equilibrium cell was opened. Equilibrium is usually reached within three minutes under continuous stirring. Over the following 10 min, the equilibrium pressures (as a combination of reference and differential reading) were recorded at two minute intervals and the readings were averaged. The real composition was determined by weighing the cell after the experiment, because part of the solvent had been removed in the degassing procedure.
Before the first use, the equipment was tested and calibrated for vapour pressure of pure water. The accuracy of temperature measurement was ±0.001 K and of pressure measurement ±0.005 kPa. The standard uncertainty in weight fraction composition data was estimated equal to <0.0003. Tables 2-4 summarise new data for aqueous solutions of all three polymers at isotherms 303.15, 323.15, 333.15, and 343.15 K.
Ebulliometric method
New measurements were taken with a micro-ebulliometer [7] , as first described in [8] . In study [7] , the micro-ebulliometer was designed to quickly measure the total pressure of systems containing a solvent and a polymer or a non-volatile component when only a small amount of material is available. The study reports detailed testing and a discussion about the error caused by a little hold-up of solvent in the vapour phase part of the equilibrium still. The ebulliometer was improved by widening the boiler to minimise caking of the polymer on the boiler finger. Vapour and liquid phase separator was removed as superfluous, because separation occurs in the whole volume around the thermometer well [7] . These simple adjustments not only made experimental determination easer but also more reliable. In this study, further improvement was achieved with additional heaters around the boiler, which helped to maintain smooth boiling. The standard uncertainty in the composition and pressure was estimated to ±0.0001 and ±0.005 kPa, respectively, as discussed in [9] . Tables 5 and 6 summarise new data for aqueous solutions of polymer PEG1k and PEG6k, respectively at isotherms 343.15, 353.15, and 363.15 K.
Data processing
Various models can be exploited for the analysis and subsequent calculation of water activities in mixtures with PEGs. However, the UNIQUAC free-volume (FV) model [5] provides slightly better results than the original UNIQUAC and is consistent with previous reports [3, 4, 7, 10, 11] . The UNIQUAC-FV model is described and discussed in the earlier paper [4] . In short, the weight fraction activity of solvent in the mixture with polymer, a 1 = X 1 w 1 , with weight fraction activity coefficient X 1 is expressed as
where a C 1 is the combinatorial contribution to the activity due to differences in molecular size, and a R 1 is the residual contribution to the activity due to molecular interactions at solution temperature. Both contributions are included in the original UNIQUAC model, as described elsewhere [4] . The additional FV contribution to the activity, a FV 1 , is calculated by means of the Flory expression, e.g. [12] lna
where c 1 denotes an external degree of freedom per solvent molecule, v 1 is the reduced volume of solvent, and v M is the reduced volume of mixture. In this study c 1 was 1.1. The calculation requires solvent and polymer densities at the temperature of polymer solution, molecular weight of the repeating unit of component i, van der Waals volume, and the surface area of the repeating unit of component i. The sources and estimation procedures for those properties were also summarised in [4] . The UNIQUAC-FV energy parameters A 12 and A 21 were estimated Standard uncertainties u were u(w) = 0.0004, u(P) = 0.005 kPa, u(T) = 0.01 K. a Pressure for pure water is from Ref. [6] . Table 5 Total pressure P 1 and water activity a 1 across water (1) + PEG1k (2) solutions in relation to the weight fraction of water w 1 measured with the ebulliometric method. Standard uncertainties u were u(w) = 0.0003, u(P) = 0.005 kPa, u(T) = 0.01 K. a Pressure for pure water is from Ref. [6] . Table 6 Total pressure P 1 and water activity a 1 across water (1) + PEG6k (2) solutions in relation to the weight fraction of water w 1 measured with the ebulliometric method. Standard uncertainties u were u(w) = 0.0003, u(P) = 0.005 kPa, u(T) = 0.01 K. a Pressure for pure water is from Ref. [6] . Standard uncertainties u were u(w) = 0.0004, u(P) = 0.005 kPa, u(T) = 0.01 K. a Pressure for pure water is from Ref. [6] . Table 4 Total pressure P 1 and water activity a 1 across water (1) + PEG6k (2) solutions in relation to the weight fraction of water w 1 measured with the static method. The data for all polymers measured in this work together with the data from earlier studies [3, 4] were then correlated with the UNIQUAC-FV model using the above procedure to obtain pairs of A 12 and A 21 interaction parameters for each molecular weight of polymer within the temperature range of 303.15-363.15 K. These parameters were used to calculate the weight fraction activities and weight fraction activity coefficients at infinite dilution X 1
.
The results are summarised in Table 7 showing PEG characteristics, system temperature, number of experimental points, correlated parameters, average deviations of correlated or calculated activities, and evaluated weight fraction activity coefficients at infinite dilution X 1 1 . Figs. 2-4 show the results for systems containing PEG1k, PEG3k, and PEG6k, respectively. Dotted lines represent the calculated isothermal activities and points denote all experimental data from earlier studies [3, 4] , and this one. The average deviation of experimental and calculated solvent activity turned out to be about 0.0004.
Additionally, all data from literature sources suitable for processing were correlated accordingly for PEGs of 15 different molecular weights ranging from 200 to 8000 g mol À1 measured at several isotherms ( [13] [14] [15] [16] [17] [18] [19] [20] [21] [22] [23] ). Regardless of abundant existing data, only a part of them could be exploited, because the rest concerned only one (usually room) temperature. Table 8 summarises literature data for easier comparison with our own findings shown in Table 7 . The obtained interaction parameters A 12 and A 21 complement and enlarge the existing set of parameters vs. molecular weight. For better comparison activity data points from literature were calculated using the same interaction parameters as in Table 7 . This comparison is illustrated by Figs. 5 and 6 for the PEG3k and PEG6k system, respectively. PEG6k is sufficiently covered by literature data, while data for PEG3 are scarce (313.15 Table 7 Correlated/calculated activities a 1 vs. weight fraction w 1 based on data from this work, [3] , and [4] for the water (1) + PEG (2) system obtained with the UNIQUAC-FV model.
PEG characteristics UNIQUAC-FV
Ref. Table 7 . Table 8 Correlated/calculated activities a 1 vs. weight fraction w 1 based on literature data for the water (1) + PEG (2) system obtained with the UNIQUAC-FV model.
PEG characteristics
UNIQUAC-FV Ref. Fig. 7 shows plotted dependences of correlated parameters on molecular weight M n for all of the above data. It is obvious that parameters are proportional to the molecular weight.
Discussion
Figs. 2-4 show all the experimental data obtained in [3, 4] , and in this study together with the obtained correlations. Generally, the activity data points and activities calculated using the UNIQUAC-FV parameters (lines) agree well with each other, save for certain discrepancies for PEG3k. Fig. 3 shows that data for this polymer measured in the past [4] at 333.15 K and 343.15 K do not fit the overall picture. This is why these data sets were remeasured at consistent conditions, as presented here. There are some differences in measured pressure at higher polymer concentrations, but they cannot be attributed to pressure measurement accuracy. Instead, they rather point to some systematic error in earlier determinations. However, the differences in total pressure did not influence the correlations significantly, because the correlations deal with dependence of activity on concentration where the difference is not so pronounced. The lines representing calculated activities are smooth and keep at distance from each other as expected. Consequently, the re-evaluated standard uncertainty of pressure measurement was 0.005 kPa. Fig. 6 shows the published data for the water + PEG6k system. The dotted lines represent weight fraction activities calculated using the UNIQUAC-FV parameters from Table 7 based on our measurements. Literature data are not only much more scattered but also inconsistent. For example, the experimental data measured at 303.15 K are located above the data determined at 308.15 K, which should not happen. A simple comparison of Fig. 6 with Fig. 4 clearly shows much better quality/consistency of our data.
This finding also clearly shows that our data and their correlations can safely be used to obtain a solid base for interpolation/ extrapolation within experimental ranges of both temperatures and molar weights.
Conclusions
This study presents new data for water + poly(ethylene glycol) systems with nominal molecular weights of 1000, 3000, and 6000 g mol
À1
. Lower isotherms were determined statically and the higher ones with the ebulliometric method. Determined data overlapped at 343.15 K, which verified consistency of both methods. All the new and older experimental data were correlated with the UNIQUAC-FV model within the 303.15-363.15 K range, which enabled evaluation of three pairs of parameters for three polymers of different molecular weight. The average absolute deviation of correlated and experimental water activities was <0.0006. System properties were as expected: the activity of water increased regularly with temperature and decreased with molar mass of the polymer. No anomalies were observed.
Additionally, literature data for polymers of different molecular weight were processed in the same way to obtain more parameter pairs for extension of the database. This, in turn, made it possible to calculate the phase behaviour of water + PEG systems both over a larger temperature and molecular weight ranges. The comparison of our data (expressed as calculated weight fraction activities) with available literature data proved very good qualitative agreement. However, quantitatively the published data were more scattered. In any case, they were located randomly above or below the calculated isotherms, which confirms the reliability of all new data.
In conclusion, the linear dependence of UNIQUAC-FV parameters on polymer molecular weight found in our study confirms that our method is reliable enough to be used for interpolation and/or slight extrapolation of VLE data. This is also the best proof that our and literature data are in a good agreement. -our data (from Table 7 ); -literature data (from Table 8 ); A 21 : j-our data (from Table 7) ; -literature data (from Table 8 ).
